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We explore the impact of new SU(3) × SU(2) × U(1) invariant interactions characterized by a
scale of order a TeV on Higgs boson properties. The Higgs production rate and branching ratios
can be very different from their standard model values. We also discuss the possibility that these
new interactions contribute to acceptable unification of the gauge couplings.
I. INTRODUCTION
The standard model for strong weak and electromag-
netic interactions has provided an extremely successful
description of experimental results. The recent mea-
surements of neutrino masses and mixings indicate new
physics beyond that of the Glashow-Salam-Weinberg
(GSW) theory.
Many of the extensions of the standard model pro-
posed in the literature have been motivated by the hierar-
chy puzzle. The same naturalness arguments that make
us uncomfortable about the smallness of the Higgs mass
compared with the unification or Planck scales also apply
to the cosmological constant. There is now experimental
evidence for a cosmological constant of order (10−3eV)4,
so Nature does not seem concerned about violations of
naturalness.
If one does not use naturalness to motivate what new
physics might occur at the weak scale, then a more ex-
perimentally motivated approach is warranted. We shall
assume that the SU(3) × SU(2) × U(1) GSW theory is
valid at the electroweak symmetry breaking scale of or-
der v ≃ 250 GeV, and any new particles are at a mass
scale heavier than the Higgs vacuum expectation value,
so that their effects for Higgs physics can be parameter-
ized in terms of SU(3)× SU(2)× U(1) invariant higher
dimension operators in the standard model.
As we emphasize in this paper, it is possible that new
physics associated with a mass scale well above the Higgs
vacuum expectation value can have significant impact on
the properties of the Higgs boson and still be consistent
with the present experimental constraints on extensions
of the standard model.1 As a simple example, consider
adding to the standard model the dimension six operator,
δL = −cGg
2
3
2Λ2
H†HGAµνG
Aµν , (1)
where GAµν is the gluon field strength tensor and H is
the Higgs doublet. Expanding about the Higgs vacuum
1 Models where the Higgs decays to new invisible light degrees of
freedom have been studied for example in Refs. [1, 2]. In our
work there are no additional light degrees of freedom beyond
those in the standard model.
expectation value v ≃ 250GeV,
δL = −cGg
2
3v
2
4Λ2
GAµνG
Aµν − cGg
2
3vh
2Λ2
GAµνG
Aµν
−cGg
2
3h
2
4Λ2
GAµνG
Aµν . (2)
The first term in Eq. (2) has the same form as the gluon
kinetic term. It can be eliminated by rescaling the gluon
field, and so can be absorbed into a shift of the gluon cou-
pling constant. As a result, the coefficient of the opera-
tor in Eq. (1) is only constrained by Higgs boson physics.
The term linear in h in Eq. (2) contributes to the pro-
duction rate for Higgs bosons. For mh = 120 GeV, this
correction increases the production rate by about 20%
if cG is negative and Λ/v ≃ 50
√
cG. Sizeable changes
(i.e. big enough to be relevant for LHC Higgs searches)
in the properties of the Higgs boson are possible even if
the scale of new physics Λ is greater than a TeV. The
reason for this is that in the standard model, the produc-
tion cross section σSM(gg → h) results from a one-loop
matrix element gg → h, and so has enhanced sensitivity
to new physics.
The new physics effects we consider in this article are
those which can significantly modify the gg → h pro-
duction rate and the h → gg, h → γγ and h → γZ
decay rates, all of which have one loop standard model
amplitudes. In section II, we write down the dimension
six operators that are important for the h → gg, γγ, γZ
amplitudes. The experimental implications of these op-
erators for Higgs production and decay is discussed in
sections III and IV. The results given in these sec-
tions are general, and only depends on the existence of
SU(3)× SU(2)×U(1) invariant operators at some scale
Λ above the weak scale v. There are several hints for
the existence of a unified theory at a high scale of order
1015 GeV. In section V, we examine the implications of
unification for the size of the higher dimension operators.
Conclusions are given in section VI.
II. OPERATORS
We are interested in non-renormalizable operators
that, when added to those in the minimal standard
model, change the rates for the processes gg → h, h→ γγ
2and h → Zγ. The rates for these processes are measur-
able at the LHC and are sensitive to beyond the stan-
dard model physics since their standard model ampli-
tudes start at one loop.2 The relevant dimension six op-
erators are:
δL = −cGg
2
3
2Λ2
H†HGAµνG
Aµν − cW g
2
2
2Λ2
H†HW aµνW
aµν
−cBg
2
1
2Λ2
H†HBµνB
µν − cWBg1g2
2Λ2
H†τaHBµνW
aµν
− c˜Gg
2
3
2Λ2
H†HG˜AµνG
Aµν − c˜W g
2
2
2Λ2
H†HW˜ aµνW
aµν
− c˜Bg
2
1
2Λ2
H†HB˜µνB
µν − c˜WBg1g2
2Λ2
H†τaHB˜µνW
aµν (3)
where g1 and g2 are the weak hypercharge and SU(2)
gauge couplings, Bµν is the field strength tensor for the
hypercharge gauge group and W aµν is the field strength
tensor for the weak SU(2) gauge group. In Eq. (3)
G˜Aµν = (1/2)ǫµνλσG
Aλσ, etc. denote the duals of the field
strength tensors. The first four operators in Eq. (3) con-
serve CP , and the last four violate CP . The CP violat-
ing amplitudes do not interfere with the standard model
amplitudes for Higgs decay. A complete list of dimension
six operators can be found in Ref. [4]. The influence of
these operators on some aspects of Higgs boson produc-
tion was considered in Ref. [5, 6, 7].
Most of the terms in Eq. (3) are not constrained by
precision electroweak physics, which is mainly sensitive
to corrections to the gauge boson propagators. If we
replace the Higgs field by its vacuum expectation value,
the first three terms in Eq. (3) just give a redefinition
of the gauge couplings. The cWB term produces kinetic
mixing of the W3 and B fields, and contributes to the
variable S [8],
cWB = − 1
8π
Λ2
v2
S. (4)
The CP violating terms are discussed at the end of this
section.
The experimental value of the S-parameter is S =
−0.13 ± 0.10 for mh = 117 GeV, and it decreases mod-
estly as the Higgs mass increases. Suppose the central
value S = −0.13 was due to the operator with coeffi-
cient cWB. This implies that Λ/v ≃ 14√cWB and that
cWB is positive. Consistency with precision electroweak
physics is not a strong constraint. For example, if cG is
the same magnitude, Λ/v ≃ 14√cG, then the production
rate σSM(gg → h) is almost zero if cG is positive, and 4
2 Strictly speaking, it is the Higgs production cross section times
branching ratios for the above decays that are measurable. How-
ever, the total width for Higgs decay is approximately indepen-
dent of the contributions of the higher dimension operators we
are considering since the total width is dominated by the chan-
nels, h → bb¯, h → ZZ∗ and h → WW ∗ which arise in the
standard model from tree level matrix elements.
times its standard model value if cG is negative! Since
there can be very large enhancements of the Higgs pro-
duction rate, one can place constraints on the c’s from
existing Tevatron data.
Naive dimensional analysis [9] suggests that the coef-
ficients cj are of order g
2
Y /(16π
2), a value obtained by
estimating the size of loop graphs. Here gY is a coupling
constant of the new heavy degrees of freedom in the loop
to the Higgs doublet. This estimate holds even if the
new physics is non-perturbative. However, there can be
numerical enhancements associated with the number of
degrees of freedom that contribute to loop graphs. For
example, the degrees of freedom associated with the new
physics could come in three generations just like the or-
dinary quarks and leptons. Consequently, for gY ∼ 1,
values for |cj | of order 0.1 are reasonable. We will use
values in the range 0.01−0.1 when discussing the numer-
ics. Coefficients of order 0.1 play a role in the meeting of
the couplings if there is unification, and can easily arise
if the new physics degrees of freedom are in complete
multiplets of a unification group — see section V.
The typical values for c that we use are smaller than
those needed for observable effects in other gauge boson
amplitudes that have been studied. Extensive studies
have been made of the anomalous WWγ couplings λγ
and ∆κγ [10]. The same naive dimensional estimates
used above give
λγ ∼ g22
(
MW
Λ
)2
c ∼ (2× 10−3) c,
∆κγ ∼ g22
( v
Λ
)2
c ∼ (2× 10−2) c, (5)
where we have used Λ = 1TeV. Current experimental
limits on these parameters are −0.86 < ∆κγ < 0.96 and
|λγ | < 0.2 [11]. Observable effects in anomalous gauge
couplings would correspond to c’s of order 100, a factor
of thousand larger than the c’s we are considering, which
assumed gY ∼ 1. Higgs production and decay rates pro-
vide a much more sensitive test for new physics than
these anomalous gauge couplings.
The CP violating terms in Eq. (3) with the Higgs field
replaced by its vacuum expectation value become topo-
logical terms such asGG˜, which are total derivatives, and
do not contribute in perturbation theory. They do con-
tribute to the θ angle, and hence to the neutron electric
dipole moment. The CP violating terms in Eq. (3) ex-
panded to linear or quadratic order in the Higgs field gen-
erate CP violating operators such as GG˜ and GGG˜ [12]
when heavy particles such as the Higgs and top quark
are integrated out. The GG˜ operator also contributes to
the θ angle and the neutron electric dipole moment. We
assume that the entire GG˜ contribution to θ is removed
by whatever mechanism solves the strong CP problem,
otherwise it generates a neutron electric dipole moment
which is experimentally ruled out by several orders of
magnitude. Axion models, for example, eliminate the
net low energy value of θ, and so remove any contribu-
tions to θ from Eq. (3). The dimension-six GGG˜ oper-
3ator also contributes to the neutron electric dipole mo-
ment. Following the analysis of Ref. [12], ignoring any
anomalous dimensions, and using naive dimensional anal-
ysis, we estimate that the induced neutron electric dipole
moment from the operator in Eq. (3) involving GG˜ is
d ∼ 10−25e-cm × c˜G × (1TeV/Λ)2. This is consistent
with the current experimental limits for the range of pa-
rameters considered here. Similar analyses hold for the
other CP violating operators in Eq. (3).
III. HIGGS PRODUCTION AND DECAY
RATES
The operators in Eq. (3) lead to additional vertices
of the form hGAµνG
Aµν , hW aµνW
aµν , etc. when H is ex-
panded in powers of the Higgs field. These additional
local vertices modify the Higgs decay amplitude, which
we compute in this section.
The decay h→ gg is not observable at the LHC. For a
Higgs in the mass range we are considering, its dominant
production mechanism at the LHC is via gg → H . In
the standard model, the dominant gg → h (or h → gg)
amplitude is due to a virtual top quark loop. The
gg → h amplitude, even for a 120 GeV Higgs, is well-
approximated by the amplitude in the mt → ∞ limit
(for a review see Ref. [13]). In the mt → ∞ limit, the
standard model gg → h amplitude is given by a local
hGAµνG
Aµν operator, so the QCD radiative corrections
from scales below mt to the standard model amplitude
and the new physics correction are identical, since both
amplitudes have the same operator form. For this rea-
son, we will give the ratio of the modified production and
decay rates to their standard model value. At present
the gg → h production mechanism has been calculated
to NNLO order and a soft gluon resummation has been
done [14, 15, 16]. The theoretical uncertainty from higher
order QCD corrections is estimated to be around 10%.
There are also additional sources of uncertainly in the
theoretical prediction for the cross section, for example,
from the uncertainty in the parton distributions and the
top quark mass.
A. gg → h or h→ gg
The ratio is
σ(gg → h)
σSM(gg → h) ≃
Γ(h→ gg)
ΓSM(h→ gg) ≃
∣∣∣∣1− 8π2v2cGΛ2Ig
∣∣∣∣
2
+
∣∣∣∣8π2v2c˜GΛ2Ig
∣∣∣∣
2
(6)
where the standard model amplitude is dominated by integrating out the top quark
Ig = If (m
2
h/(4m
2
t ), 0)
(
1 +
11
4
αs
π
)
, (7)
with
If (a, b) =
∫ 1
0
dx
∫ 1−x
0
dy
1− 4xy
1− 4(a− b)xy − 4by(1− y)− i0+ . (8)
using the notation of Ref. [3] for the parameter integral.3 In Eq. (6) we have included the standard model two loop
matching [17, 18] onto the operator hGAµνG
Aµν in the large mt limit, multiplied by the exact one loop expression for
the amplitude If . This expression gives the full mh/mt dependence of the leading term, and gives the αs correction
for mt → ∞. The αs correction is numerically about 10%. The α2s and α3s corrections for the hgg, hγγ and hγZ
amplitudes are also known [18]. Their contributions are smaller, and not included here. Radiative corrections from
initial state gluon radiation, etc. cancel out in the ratio Eq. (6) in the mt → ∞ limit. We have also neglected the
running of the coefficient cG between the scale of new physics Λ and the top quark mass. This correction can be
computed, and is about 2%.
Two gluons can also produce a Higgs via associated production off heavy quarks [19, 20], i.e., gg → QQ¯h. Eq. (6)
does not include this process. The amplitude for associated Higgs production off of heavy quarks starts at tree level
and so we expect it to be largely unaffected by new physics effects at the TeV scale.
3 Note that f2 → −f2 in the explicit evaluation of the parameter
integral given in Eq. (4) of Ref. [3]
4B. h→ γγ
The ratio is
Γ(h→ γγ)
ΓSM(h→ γγ) ≃
∣∣∣∣1− 4π2v2cγγΛ2Iγ
∣∣∣∣
2
+
∣∣∣∣4π2v2c˜γγΛ2Iγ
∣∣∣∣
2
, (9)
where cγγ = cW + cB − cWB, c˜γγ = c˜W + c˜B − c˜WB. The standard model amplitude is given by
Iγ = IγW (m
2
h/(4m
2
W ), 0) +NcQ
2
t If (m
2
h/(4m
2
t ), 0)
(
1− αs
π
)
, (10)
where the fermion contribution is dominated by the top quark loop. The Feynman parameter integral IγW is defined
as in Ref. [3],
IγW (a, b) =
∫ 1
0
dx
∫ 1−x
0
dy
−4 + 6xy + 4axy
1− 4(a− b)xy − 4by(1− y)− i0+ . (11)
In Eq. (10) Nc = 3 is the number of colors and Qt = 2/3 is the top quark charge. An analytic expression for the
Feynman parameter integration IγW (a, b) is known [3].
C. h→ γZ
The ratio is
Γ(h→ γZ)
ΓSM(h→ γZ) ≃
∣∣∣∣1− 4π2v2cγZΛ2IZ
∣∣∣∣
2
+
∣∣∣∣4π2v2c˜γZΛ2IZ
∣∣∣∣
2
, (12)
where cγZ = cW cot θW − cB tan θW − cWB cot 2θW , c˜γZ = c˜W cot θW − c˜B tan θW − c˜WB cot 2θW , and the standard
model amplitude is
IZ = IZW (m
2
h/(4m
2
W ),m
2
Z/(4m
2
W )) +NcQtgtIf (m
2
h/(4m
2
t ),m
2
Z/(4m
2
t ))
(
1− αs
π
)
, (13)
with gf = (T3f − 2 sin2 θWQf )/ sin 2θW , T3t = 1/2 the weak isospin of the left handed top quark, and IZW defined as
in Ref. [3],
IZW (a, b) =
1
tan θW
∫ 1
0
dx
∫ 1−x
0
dy
[
5− tan2 θW + 2a
(
1− tan2 θW
)]
xy − (3− tan2 θW )
1− 4(a− b)xy − 4by(1− y)− i0+ . (14)
We have only included the dominant fermionic contribution to IZ which comes from the top quark. Note that
NcQtgt = (3 − 8 sin2 θW )/(3 sin 2θW ). An analytic expression for the Feynman parameter integration IZW (a, b) is
known [3].
IV. NUMERICS
We will use the PDG [21] central values MW =
80.425 GeV, MZ = 91.1876 GeV, mt = 174.3 GeV,
sin2 θW = 0.23120, and α
−1(MZ) = 127.918 for our nu-
merical work. The standard model amplitudes, Ig, Iγ ,
IZ are plotted in Figs. (1) and (2), as a function of the
Higgs mass. For the radiative correction, we have used
αs → αs(mt) = 0.108. Since their dependence on the
Higgs mass is weak, simple approximation formulæ are
possible for the quantities 1/Ig, 1/Iγ and 1/IZ. In the
region 110 ≤ mh ≤ 300 GeV,
1
Ig
= 2.76− 6.37× 10−2
( mh
100 GeV
)2
, (15)
with a maximum error less than 0.02, and in the region
110 ≤ mh ≤ 160 GeV,
1
Iγ
= −0.85 + 0.16
( mh
100 GeV
)2
,
1
IZ
= −0.51 + 0.10
( mh
100 GeV
)2
, (16)
with errors less than 0.04.
5FIG. 1: The standard model h → gg amplitude Ig given by
Eq. (7) plotted as a function of the Higgs mass.
FIG. 2: The standard model h → γγ amplitude Iγ given by
Eq. (10) (solid curve) and the h → γZ amplitude IZ given
by Eq. (13) (dashed curve) plotted as a function of the Higgs
mass.
Ig is the smallest in magnitude, so if all the coeffi-
cients cj were the same size, the new physics would be
most important for the gg → h cross section. In Fig. (3)
we plot the gg → h ratio in Eq. (6) as a function of
cG×(1TeV/Λ)2 with c˜G = 0 formh = 120, 140, 160 GeV.
The gg → h rate depends very weakly on the Higgs mass
in this range. The new physics contributions make a dra-
matic difference to the production rate. For Λ = 1 TeV
and cG = 0.01 the production cross section is 76% of its
standard model value and for cG = −0.05 it is 3 times
its standard model value.
In Figs. (4) and (5) we plot the h→ γγ and h→ γZ ra-
tios in Eqs. (9) and (12) as a functions of cγγ×(1TeV/Λ)2
and cγZ × (1TeV/Λ)2 respectively, when c˜γγ = c˜γZ = 0
and mh = 120, 140, 160 GeV. There is a much larger de-
FIG. 3: The ratio of the gg → h cross-section to its standard
model value as a function of cG for mh = 120 GeV (dashed
red), mh = 140 GeV (solid black) and mh = 160 GeV (dotted
blue). The variation with Higgs mass is very small.
FIG. 4: The ratio of the h → γγ decay rate to its standard
model value as a function of cγγ for mh = 120 GeV (dashed
red), mh = 140 GeV (solid black) and mh = 160 GeV (dotted
blue).
pendence on the Higgs mass than for gg → h. Consider
the choice of parameters mh = 140 GeV, Λ = 1 TeV and
cW = cB = 0.01, cWB = 0, which are small values for the
c’s, and correspond to cγγ = 0.02 and cγZ ≃ 0.013. The
Higgs decay rate to two photons is increased by 6% over
its standard model value and the Higgs decay rate to a
photon and a Z boson is increased by roughly 2% over
its standard model value. For larger values of the coeffi-
6FIG. 5: The ratio of the h → γZ decay rate to its standard
model value as a function of cγZ for mh = 120 GeV (dashed
red), mh = 140 GeV (solid black) and mh = 160 GeV (dotted
blue).
cients cγγ and cγZ, the rates can be changed substantially
from their standard model values. If cγγ = cγZ = 0.1,
the h → γγ and h → γZ rates are 1.30 and 1.16 times
their standard model values.
The event rate for γγ and γZ final states, which will
be used to search for Higgs bosons with mh < 2MW ,
depend on the product σ(gg → h)Γ(h→ γγ) and σ(gg →
h)Γ(h→ Zγ).
For mh > 2MW , the dominant signal is via the h →
WW decay mode, which has a tree-level amplitude in the
standard model. The new physics contributions are much
smaller than the tree-level amplitude, so Γ(h→WW ) is
virtually unaffected by new physics contributions. The
WW event rate is still sensitive to new physics via the
production cross-section σ(gg → h).
V. UNIFICATION AS A GUIDE TO THE SIZE
OF COEFFICIENTS
The smallness of neutrino masses suggests that, in the
GSW model, they are generated via non-renormalizable
dimension five operators. Such dimension five operators
arise in unified theories via the seesaw mechanism [22],
and the size of observed neutrino masses is consistent
with this idea if the unification scale is of order 1015 GeV.
The approximate unification of the coupling constants in
the GSW model when evolved to high energies also sug-
gests the existence of a unified theory at some high scale
of order 1015−19 GeV, e.g. SO(10) with fermions in the
16 or SU(5) with fermions in the reducible representa-
tion 1+ 5¯+ 10.
In unified theories with a high unification scale, trivial-
ity of λφ4 theory implies that the Higgs must be relatively
light [23]. The Higgs mass upper bound for a unification
scale of 1015 GeV is about 170 GeV [24]. Another indi-
cation that the Higgs boson is light is from a fit to all the
precision electroweak data [21]. For these reasons, the
mh < 2MW region, which we concentrate on this paper,
is particularly interesting to study.
New physics gives rise to shifts in the gauge couplings,
for example from the first term in Eq. (2). Since the
low-energy values of the couplings are fixed by experi-
ment, this implies a shift in the high-energy values of
the coupling. This, in turn, affects the unification of the
coupling constants. In this section we explore what sizes
of the coefficients, such as cG, have significant impact on
the condition that coupling constant unification holds.
If the degrees of freedom associated with new physics
come in complete SU(5) multiplets,4 then they will not
affect the running at the leading logarithmic level, but
will through threshold effects such as cG. We will as-
sume complete SU(5) multiplets for the purposes of this
analysis, for simplicity. It is straightforward to eliminate
this assumption, but the results then depend on the par-
ticle content assumed for the new physics.
The new terms that are relevant for coupling constant
unification are dimension four operators
δL = − ǫGg
2
3
2
GAµνG
Aµν− ǫW g
2
2
2
W aµνW
aµν− ǫBg
2
1
2
BµνB
µν .
(17)
We expect the c’s in Eq. (3) to be of order g2Y times
the corresponding ǫ’s in Eq. (17). Rescaling the gauge
fields to remove these terms changes the gauge couplings
from their values in standard unification (SU) to their
measured values, g1, g2, g3. To first order in ǫG,W,B:
g1 = g
(SU)
1
[
1−
(
4παe
cos2θW
)
ǫB
]
,
g2 = g
(SU)
2
[
1−
(
4παe
sin2θW
)
ǫW
]
,
g3 = g
(SU)
3 [1− 4παsǫG] , (18)
or equivalently,
αe = α
(SU)
e [1− 8παe (ǫB + ǫW )] ,
sin2 θW = sin
2 θ
(SU)
W + 8παe
(
cos2 θW ǫW − sin2 θW ǫB
)
αs = α
(SU)
s [1− 8παsǫG] . (19)
Here a superscript (SU) denotes the value in standard
unification without the modifications that Eq. (17) cause
to the gauge couplings.
4 Note that SO(10) representations form complete SU(5) multi-
plets.
7At the leading logarithmic level standard unification
predicts that,
sin2 θ
(SU)
W (MZ) =
3(b3 − b2)
∆b
+
(5b2 − 3b1)
∆b
[
α
(SU)
e (MZ)
α
(SU)
s (MZ)
]
(20)
and
ln
(
MG
MZ
)
=
6π
∆b
[
1
α
(SU)
e (MZ)
− 8
3
1
α
(SU)
s (MZ)
]
(21)
where MG is the unification scale, ∆b = 8b3 − 3b1 − 3b2,
b1 = 0− 20
9
ng − 1
6
,
b2 =
22
3
− 4
3
ng − 1
6
,
b3 = 11− 4
3
ng + 0, (22)
are the coefficients of the one-loop β-functions,
µ
dgi
dµ
= − bi
16π2
g3i + . . . . (23)
The three terms in Eq. (22) are the gauge boson, fermion
and Higgs doublet contributions, respectively, and ng
is the number of generations. Since we are neglecting
matching corrections at the GUT scale we imposed the
conditions,
g
(SU)
3 (MG) = g
(SU)
2 (MG) =
√
5
3
g
(SU)
1 (MG). (24)
Using the relations between the measured gauge
couplings and their values in standard unification,
Eqs. (18,19) and neglecting any running between the
scale Λ and MZ , the relations Eqs. (20,21) imply that
ln
(
MGUT
MZ
)
=
6π
∆b
[
1
αe(MZ)
− 8
3
1
αs(MZ)
]
+
48π2
∆b
[
8
3
ǫG − ǫW − ǫB
]
≃ 29.67 + 18.9ǫG − 7.1 (ǫW + ǫB) (25)
sin2 θW =
3(b3 − b2)
∆b
+
(5b2 − 3b1)
∆b
[
αe(MZ)
αs(MZ)
]
+8παe
{
(5b2 − 3b1)
∆b
([
αe(MZ)
αs(MZ)
]
[ǫB + ǫW ]− ǫG
)
+
[
cos2 θW ǫW − sin2 θW ǫB
]}
≃ 0.2074− 0.107ǫG + 0.158ǫW − 0.038ǫB. (26)
If we require that sin2 θW (MZ) = 0.23120, we get the
constraint
1 = 6.63ǫW − 1.61ǫB − 4.47ǫG. (27)
One of the problems with minimal SU(5) unification
is the proton lifetime. If the unification scale is raised
by a factor f over the minimal SU(5) unification scale,
with f >∼ 10, then the proton lifetime is consistent with
the experimental limits. Using Eq. (25), this gives the
constraint
ln f = 18.9ǫG − 7.1 (ǫW + ǫB) (28)
with ln f >∼ 2.3.
The constraints in Eqs. (27) and (28) can be used to
get an estimate of the sizes of ǫG,W,B that can contribute
significantly to improving the meeting of the couplings.
If there are no large cancellations between the various
contributions, then ǫG,W,B and hence (for gY ∼ 1) cG,W,B
with magnitudes of order 0.1 will play a role in unification
of the gauge couplings. It has been noted previously that
non-supersymmetric unification of the couplings can arise
from GUT scale threshold corrections [25]. GUT scale
threshold corrections are given by terms such as Eq. (17)
generated at the unification scale. Since Eq. (17) contains
dimension four operators, there are no powers of Λ in the
denominator, and hence no information on the scale at
which they are generated. For this reason, one can only
use Eqs. (27) and (28) as an estimate for ǫj, rather than
as a constraint.
For gY ∼ 1, naive dimensional analysis [9] predicts that
ǫj ∼ cj ∼ 1/(16π2). This estimate comes from examining
the typical size of loop graphs. If there are many degrees
of freedom contributing in loops, then the coefficients can
be larger. A simple example that generates the operators
in Eq. (3) is to add a fermion multiplet in the 16+ 16
of SO(10), with a mass Λ. The 16+ 16 can have both a
SO(10) invariant mass term, and also couple to the 10 of
SO(10) which contains the Higgs, so it generates Higgs
operators such as those in Eq. (3) when the fermions
are integrated out. The index of the 16+ 16 is 8 times
that of a fermion in the fundamental representation, so
it produces coefficients ǫj ∼ cj ∼ 8/(16π2) ∼ 0.1.
VI. CONCLUSIONS
Higgs bosons at the LHC are produced by gluon fusion,
gg → h. The favored detection channel for mh < 2MW
is via the h → γγ rate. The h → γZ decays can also be
used to search for a Higgs lighter than 2MW . All three
processes have amplitudes which start at one loop in the
standard model, and hence are particularly sensitive to
new physics. We used an operator analysis to examine
the possible impact of such new physics on these pro-
cesses. Most of the relevant operators are unconstrained
by precision electroweak physics. The production rate
σ(gg → h) and the decay rates Γ(h → gg, γγ, γZ) are
very sensitive to beyond the standard model physics and
dramatic changes in the production cross section are pos-
sible with the new physics at a scale around a TeV and
coefficients in the Lagrangian density consistent with
naive dimensional analysis. Tree-level standard model
8processes are much less sensitive to new physics con-
tributions. By comparing the rates for one-loop and
tree-level processes, one can determine whether there is
a new physics contribution to Higgs interaction ampli-
tudes. This allows one to rule out other possible expla-
nations for anomalous rates, such as modifications to the
parton distribution functions.
The γγ and γZ decay channels will mainly be useful
for a Higgs with mh < 2MW . The gg → H production
channel dominates at the LHC, and so can be used to
search for new physics, even if the Higgs is heavier than
2MW . The gg → H rate is enhanced if cG is negative
and suppressed if cG is positive; if the suppression is large
enough, other production channels can dominate.
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